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Abstract 
Self-diffusion and impurity diffusion both play crucial roles in the fabrication of semiconductor 
nanostructures with high surface-to-volume ratios. However, experimental studies of bulk-surface 
reactions of point defects in semiconductors are strongly hampered by extremely low 
concentrations and difficulties in the visualization of single point defects in the crystal lattice. 
Herein we report the first real-time experimental observation of the self-interstitial reactions on a 
large atomically smooth silicon surface. We show that non-equilibrium self-interstitials generated 
in silicon bulk during gold diffusion in the temperature range 860-1000oC are annihilated at the 
(111) surface, producing the net mass flux of silicon from the bulk to the surface. The kinetics of 
the two-dimensional islands formed by self-interstitials are dominated by the reactions at the 
atomic step edges. The activation energy for the interaction of self-interstitials with the surface 
and energy barrier for gold penetration into the silicon bulk through the surface are estimated. 
These results demonstrating that surface morphology can be profoundly affected by surface-bulk 
reactions should have important implications for the development of nanoscale fabrication 
techniques. 
 
1. Introduction 
Diffusion in solids is a fundamental material process that is mediated by native point defects. In 
metals, these defects are known as vacancies and play a prominent role in the kinetics of bulk and 
surface atomic reactions [1]. For semiconductors, particularly silicon, the situation is more 
complex: two types of defects, vacancies and self-interstitials, are involved in self-, dopant, and 
impurity diffusion [2–7]. At nanoscale, due to the increasing surface-to-volume ratio, the atomic 
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reactions of point defects at the surfaces and interfaces become predominant and may significantly 
modify the properties of fabricated nanostructures [8–11]. 
While the properties of point defects in bulk semiconductors have been extensively studied and 
are well understood, little is actually known about the point defect formation, reactions, and basic 
mechanisms of the diffusion in the vicinity of free surfaces. At the heart of the problem lies the 
need for direct visualization of the single point defect diffusion in crystal bulk, which is still 
lacking, especially at high temperatures, where diffusion is fast compared to the imaging rate of 
modern atomic-scale characterization techniques such as aberration-corrected high-resolution 
transmission electron microscopy (HRTEM). In addition, the extremely low concentrations of 
point defects in silicon make their observation quite difficult. On the other hand, the direct 
visualization of single atoms, vacancies, and their clusters on crystal surfaces has become routine 
with the development of surface-sensitive techniques such as scanning tunneling (STM), atomic 
force (AFM), low-energy (LEEM), and reflection electron microscopy (REM). However, atomic 
steps that are an inherent part of all crystalline surfaces, acting as sinks for adsorbed atoms and 
vacancies, hamper direct experimental studies of point defect properties. 
This study used high-temperature (860-1000oC) submonolayer gold deposition onto an atomically 
smooth large size (up to 100 μm in diameter) step-free Si(111) surface to study the interaction of 
the native point defects (self-interstitials and vacancies) with the surface boundary, considering 
the finite efficiency for the penetration, annihilation, and creation of point defects at the surface. 
Since it is well established that gold atoms diffuse in silicon bulk via indirect diffusion mechanisms 
that involve intrinsic point defects, gold deposition is used to increase the concentration of point 
defects. Employing ultrahigh vacuum reflection electron microscopy and numerical simulations, 
we demonstrate that silicon self-interstitials formed in a subsurface area during gold diffusion into 
the silicon bulk diffuse and are annihilated at the crystal surface. By analyzing the kinetics of the 
surface morphology transformations, we show that the annihilation of the self-interstitials occurs 
predominantly near the atomic step edges rather than over the entire surface. 
 
2. Materials and methods 
As it is extremely complicated to prepare perfectly flat surfaces by cutting the crystal along the 
needed crystallography orientation, additional efforts are required to prepare step-free areas with 
large singular terraces. In our experiments, silicon samples were prepared from an n-type 
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phosphorous-doped dislocation-free FZ-grown silicon wafer with a resistivity of 0.3 Ω cm and 
0.1o miscut from the (111) plane. Square craters with sides of 500 x 500 μm2 and depths of 
approximately 1 μm were formed on the substrates via optical lithography. The wafer was cut into 
rectangular pieces (1.3 × 8 mm2) containing single craters. Then the sample was thermally 
annealed in an ultrahigh vacuum at 1300oC for several minutes to remove the oxide layer and 
possible contamination from the preparation technique. After the cleaning procedure, the sample 
temperature was decreased to 900oC and large step-free areas formed at the bottom of the craters 
as has been described previously [12]. 
The experimental investigations of the silicon surface morphology transformations were 
performed via ultrahigh vacuum reflection electron microscopy (UHV REM) technique, which 
visualizes the silicon surface morphology in a wide temperature range enabling the in situ 
characterization of the atomic processes governing the surface morphology formation [13]. Due to 
the technical design and construction features, REM magnification in the direction parallel to the 
electron beam incidence is much smaller compared to that in the perpendicular plane. The REM 
images are therefore compressed in the direction of the electron beam incidence with a factor of 
30-50, as indicated by the scale bars. All of the REM images were recorded using a TVIPS 
FastScan-F114 CCD camera with a frame rate of 25 fps. Subsequently, the video sequences were 
analyzed frame by frame to investigate the surface dynamics with a time resolution of 0.04 s. 
Submonolayer gold deposition was carried out in UHV REM by thermal evaporation from a 
specially designed small-sized evaporator equipped with a resistivity-heated tungsten crucible and 
a mechanical shutter. The deposition rate was calibrated in situ by analyzing the diffraction 
patterns and REM images during gold deposition on the Si(111) surface at 5000C. At this 
temperature, gold adsorption initiates the formation of an Si(111)-5x2-Au superstructure leading 
to the appearance of additional reflections in the RHEED patterns. The amount of gold 
corresponding to the surface fully covered by 5 x 2-Au domains was used as a reference point and 
assumed to be 0.43 ± 0.14 monolayers (ML), where 1 ML of gold corresponds to 7.8 x 1014cm-2 
[14,15]. The total amount of gold deposited during the high-temperature experiments was 
measured in monolayers as a product of the deposition rate and time. After the REM investigations, 
the samples were analyzed ex situ by atomic force microscopy (AFM) under ambient conditions. 
 
2. Results and discussion 
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Fig. 1a shows an REM image of the central part of the crater that formed on the Si(111) surface 
after thermal annealing in an ultrahigh vacuum. The straight horizontal dark lines represent 
fragments of a circular-shaped atomic step a single atomic layer in height surrounding the central 
terrace approximately 100 μm in diameter. The corresponding AFM image of the large step-free 
region of the silicon is presented in Fig. 1d. 
Fig. 1 REM (a)-(c) and AFM (d) and (e) images of the ultraflat Si(111) surface before (a) and (d) 
and after (b), (c), and (e) gold deposition at 930oC at the rate R = 0.031 ML/s. (f) Schematic 
representation of the surface structure. 
During high-temperature annealing, atomic steps move in the direction of the higher situated 
terraces (outward from the center). In general, this motion results from the detachment of the atoms 
from the step edge subsequent to the surface diffusion of the adsorbed atoms on the terrace and 
evaporation in a vacuum. Because of this motion, the central terrace diameter increases over time. 
When the terrace size becomes larger than the critical value Dc, a new island nucleates near its 
center as a result of vacancy coagulation [16,17]. According to previously reported results, the 
critical diameter Dc for island nucleation reaches as high as 120 μm at temperatures below 1000oC 
[12]. The period of island nucleation corresponds to the silicon sublimation rate, which is governed 
by activation energy of approximately 4.2 ± 0.2 eV. From this desorption barrier value, the time 
while the surface morphology of the central terrace remains unchangeable (until new island 
nucleation proceeds) can be estimated as approximately 27 s at 1100oC and more than 104 s at 
t=0 s 
t=0.4 s 
t=1.2 s 
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900oC. Therefore, the evaporation of the silicon atoms can be neglected at temperatures below 
1000oC, at least for the duration of experiments less than several tens of seconds. 
However, the island nucleation time can be significantly reduced by the presence of residual 
oxygen in the atmosphere, which acts as an etchant of silicon [12,17,18]. As a result, the critical 
size of the terrace for the formation of new two-dimensional negative islands (etching pits) is 
smaller than that for ultrahigh vacuum conditions [12]. In our experiments, the size of the terrace 
at the bottom of the crater did not change significantly and remained below the critical value Dc 
prior to gold deposition. No nucleation of new islands related to the thermal etching of the silicon 
surface by residual oxygen was detected. 
The lack of stability on the Si(111) surface caused by the submonolayer gold deposition at 930oC 
is illustrated in Fig. 1b and c. The appearance of the additional dark contrast features associated 
with new two-dimensional islands is visualized at the central terrace during the deposition of gold 
at the rate of 0.031 ML/s. The round two-dimensional islands are depicted as lines or strongly 
elongated ellipses in the REM images due to aforementioned foreshortening. During gold 
deposition, islands nucleate at the central terrace far from the other islands and the bounding step 
edge, as schematically shown in Fig.1f. Islands grow over time and cover almost all of the surface 
during gold deposition. At the same time, all of the steps in the field of view move in the direction 
corresponding to the capturing of adatoms in accordance with previously reported results [19]. 
Fig. 2 REM images of the silicon terrace at the bottom of crater after the deposition of 0.04 ML of 
gold at 860oC (a), 900oC (b), and 930oC (c). 
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As the substrate temperature increases, fewer islands nucleate and the distance between the islands 
increases as shown in Fig. 2. This behavior is very similar to the nucleation of two-dimensional 
islands during homoepitaxial growth, but in this case, no silicon is deposited at the surface, so the 
source of the atoms is not evident. If the steps are simply capturing gold atoms, the islands and 
step edges should consist of gold. Direct incorporation of the gold atoms into the step edges should 
result in stress formation along the atomic step, which generally can be visualized due to the 
diffraction contrast in REM [17,20]. However, our experiments revealed no differences in electron 
microscopy contrast from the steps on the atomically clean and gold deposited surface.  
To explain the surface morphology transformations during high-temperature submonolayer gold 
deposition, the mass flow responsible for the growth of the islands cannot be supplied by the 
surrounding atomic steps but can be produced by the silicon bulk. To prove this, we first establish 
that the islands observed are the growth islands. Fig. 1e is a topographical AFM image of the 
central terrace with nucleated two-dimensional islands. All of the islands have the same height as 
a single atomic step. Moreover, the direct REM observation of the coagulation of the enlarging 
islands with descending steps during deposition also indicates that the islands and atomic steps 
have the same height. Considering that all of the atomic steps are moving in the growth direction 
during island nucleation, additional atoms cannot be supplied by the atomic steps. Therefore, the 
source of the atoms must be the silicon bulk. 
Regarding the process of gold diffusion in silicon bulk, foreign atom diffusion in silicon can 
proceed via both direct and indirect mechanisms [6]. Indirect diffusion mechanisms of an impurity 
atom involve the formation of intrinsic point defects such as vacancies in the dissociative (Frank-
Turnbull) mechanism [21] or self-interstitials in the so-called "kick-out" mechanism, which was 
first suggested for the diffusion of Al in Si by Watkins [22]. 
For gold diffusion in silicon, both the vacancy-mediated (Frank-Turnbull) and kick-out 
mechanisms are considered in the case of high density of the internal sinks or near the surfaces 
[23–26]. The interchange between the interstitial and substitutional sites in these mechanisms can 
modify the intrinsic point defect concentrations. In the Frank-Turnbull mechanism, the gold 
interstitials recombine with the vacancies, resulting in a decrease in the vacancy concentration in 
accordance with the quasi-chemical reaction Aui + V ⇆ Aus, where Aui, Aus, and V represent the 
gold interstitial, gold substitutional, and vacancy, respectively. The lack of vacancies can be 
replenished by the diffusion from the silicon surface (the Schottky process) acting as sources for 
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the vacancies. On the contrary, the kick-out mechanism is characterized by supersaturation of the 
self-interstitials, Aui ⇆ Aus + I. In this case, the excess of self-interstitials I is captured by the 
surface, which acts as an effective sink. Both processes (vacancy diffusion from the surface and 
annihilation of the self-interstitials at the surface) result in the net mass flux from the bulk to the 
surface. 
2.1 Bulk diffusion model 
To study the impact of the bulk processes on the surface morphology, the model illustrated in Fig. 
3 is considered. The following notations are used. The gold is deposited at rate R at the silicon 
surface at x = 0. The evaporation flux of the gold atoms is given by 
𝑅𝑒 =
𝑔𝑖
𝜏𝑑𝑒𝑠⁄  , 
where gi is the gold surface concentration, τdes is the lifetime of the gold atoms prior to desorption, 
and Jgold is the gold diffusion flux from the surface to the bulk. The bulk-surface exchange diffusion 
currents for silicon interstitials and vacancies are JI and JV, respectively. 
 
Fig. 3 Schematic representation of the net mass currents of the atoms and vacancies during the 
gold deposition onto the silicon terrace. 
The full system of differential equations for the self-interstitials, vacancies, interstitial gold, and 
substitutional gold reported by Mathiot [26] were used: 
𝜕𝑐𝐼
𝜕𝑡
= 𝐷𝐼
𝜕2𝑐𝐼
𝜕𝑥2
+ 𝑘𝑘𝑜𝑐𝑖 − 𝑘𝑘𝑜
′ 𝑐𝑠𝑐𝐼 − 𝑘𝑏𝑚(𝑐𝐼𝑐𝑉 − 𝑐𝐼
∗𝑐𝑉
∗ )   (1) 
𝜕𝑐𝑉
𝜕𝑡
= 𝐷𝑉
𝜕2𝑐𝑉
𝜕𝑥2
− 𝑘𝑓𝑡𝑐𝑉𝑐𝑖 + 𝑘𝑓𝑡
′ 𝑐𝑠 − 𝑘𝑏𝑚(𝑐𝐼𝑐𝑉 − 𝑐𝐼
∗𝑐𝑉
∗ )  (2) 
𝜕𝑐𝑖
𝜕𝑡
= 𝐷𝑖
𝜕2𝑐𝑖
𝜕𝑥2
− 𝑘𝑓𝑡𝑐𝑉𝑐𝑖 + 𝑘𝑓𝑡
′ 𝑐𝑠 − 𝑘𝑘𝑜𝑐𝑖 + 𝑘𝑘𝑜
′ 𝑐𝑠𝑐𝐼   (3) 
𝜕𝑐𝑠
𝜕𝑡
= 𝑘𝑓𝑡𝑐𝑉𝑐𝑖 − 𝑘𝑓𝑡
′ 𝑐𝑠 + 𝑘𝑘𝑜𝑐𝑖 − 𝑘𝑘𝑜
′ 𝑐𝑠𝑐𝐼.    (4) 
x 
0 
R 
Si 
Jgold Ji,v 
Re 
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Here, DI, DV, and Di and cI, cV, and ci denote the diffusion coefficients and concentrations of the 
self-interstitials, vacancies, and gold interstitials, respectively, and cs is the substitutional gold 
concentration. The corresponding equilibrium concentrations of the point defects are indicated by 
asterisks. The first terms in equations (1)-(3) represent diffusion caused by differences in the 
concentrations of the species. It is assumed that the gold atoms in the substitutional sites are totally 
immobile, so the diffusion term is canceled in equation (4). The last term in equations (1) and (2) 
describes the processes of the bulk creation and annihilation of the self-interstitials I and vacancies 
V (Frenkel pairs). 
The rate constants for the forward kko and kft and backward k’ko and k’ft kick-out and Frank-Turnbull 
reactions are given by [26]: 
𝑘𝑘𝑜 = 4𝜋𝑟𝑘𝑜𝐷𝑖𝑁𝑠,      (5) 
𝑘𝑘𝑜
′ = 4𝜋𝑟𝑘𝑜
′ 𝐷𝐼 ,       (6) 
𝑘𝑓𝑡 = 4𝜋𝑟𝑓𝑡(𝐷𝑖 + 𝐷𝑉),      (7) 
𝑘𝑓𝑡
′ = 𝜈0𝑒𝑥𝑝(− 𝐸𝑓𝑡
′ 𝑘𝑇⁄ ),     (8) 
where Ns = 5.0 x 10
22 cm-3 is the lattice site density and rko, r’ko, and rft are the effective capture 
radii for the forward kick-out, backward kick-out, and forward Frank-Turnbull reactions, 
respectively. Equation (8) describes the backward reaction for the vacancy mechanism, where ν0 
= 2.59 x 1013 s-1 is an attempt frequency [27], E’ft is the activation barrier, k is the Boltzmann 
constant, and T is the absolute temperature. The capture radii rm, where subscript m refers to the 
forward kick-out (ko), forward Frank-Turnbull (ft), and backward kick-out (ko’) reactions, are on 
the order of a few angstroms and can be described by including the Boltzmann exponent with the 
corresponding energy barriers (Em): 
𝑟𝑚 = 𝑟𝑚
∗ 𝑒𝑥𝑝(−𝐸𝑚 𝑘𝑇⁄ ) 
The initial concentrations of the substitutional 𝑐𝑠 and interstitial 𝑐𝑖 gold are assumed to be zero 
everywhere in the sample at t = 0. Consequently, the initial concentrations of the vacancies 𝑐𝑉 and 
self-interstitials 𝑐𝐼 have thermal equilibrium values of 𝑐𝑉
∗ = 5.0 × 1022𝑒3.15𝑒−(3.36 𝑒𝑉 𝑘𝑇⁄ )cm-3 and 
𝑐𝐼
∗ = 2.9 × 1024𝑒−(3.18 𝑒𝑉 𝑘𝑇⁄ )cm-3.26 The diffusion coefficients for the self-interstitials and 
vacancies 𝐷𝐼 = 𝑁𝑠 × 819−309
+407 × 𝑒−((4.82±0.05) 𝑒𝑉/𝑘𝑇)/𝑐𝐼
∗ 𝑐𝑚2𝑠−1 and 𝐷𝑉 = 𝑁𝑠 × 206−72
+112 ×
𝑒−((4.65±0.05) 𝑒𝑉/𝑘𝑇)/𝑐𝐼
∗ 𝑐𝑚2𝑠−1 are deduced from self-diffusion experiments that were performed 
at temperatures between 750oC and 1400oC [5]. The temperature dependence of 𝐷𝑖 = 0.28 ×
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𝑒−(1.6 𝑒𝑉 𝑘𝑇⁄ )𝑐𝑚2𝑠−1 follows from the analysis of the diffusion of ion-implanted gold in a silicon 
bulk [28]. 
Since we analyzed the initial stages of the metal diffusion from the silicon surface, it is thus 
essential to carefully choose the boundary conditions. Under common experimental conditions, a 
silicon wafer is usually covered with thick layers of metal acting as an infinite source of foreign 
atoms. Therefore, diffusion equations are usually solved using Dirichlet-type boundary conditions: 
𝑐𝑠 = 𝑐𝐴𝑢
∗  on the gold-covered surface and accumulation or evaporation of the impurity at the back 
side of the wafer (Neumann-type boundary conditions). Assuming local equilibrium at the surface 
boundary between the gold layer and the silicon, the gold interstitial concentration takes the form 
𝑐𝑖 = 𝑓𝑖𝑐𝐴𝑢
∗ , where 𝑐𝐴𝑢
∗  is the total gold solubility and 𝑓𝑖 is the fraction of the interstitial gold under 
equilibrium conditions [29]. These assumptions are validated in long-duration diffusion 
experiments showing that the equilibrium concentration of gold is preserved at the surface during 
annealing [30,31]. However, at the initial deposition stage when local equilibrium is not attained, 
Dirichlet-type boundary conditions are not suitable because the equilibrium concentration of gold 
is not established at the surface.  
If gold is deposited on an atomically clean surface, the boundary condition for Aui is formulated 
in terms of the limitation of the transition flux through the surface, that is: 
−𝐷𝑖
𝜕𝑐𝑖
𝜕𝑥
|𝑥=0 =
𝑔𝑖
𝜏𝑖
− 𝑘𝑖𝑐𝑖(𝑥 = 0, 𝑡),     (9) 
where 𝑘𝑖 = 1 [𝑒(𝐸𝑖 𝑘𝑇⁄ ) − 1]⁄  is the kinetic coefficient for the gold atom penetration through the 
silicon surface and Ei is the energy barrier for the gold atom penetration, which can vary from zero 
(complete permeability) to infinity (complete impermeability). The first term in equation (9) 
corresponds to the flux of gold into the bulk 𝐽𝑔𝑜𝑙𝑑 =
𝑔𝑖
𝜏𝑖⁄ , where 𝑔𝑖 is the actual surface 
concentration of the gold atoms and  𝜏𝑖 is the lifetime of the gold atoms prior to dissolving in bulk. 
Neumann boundary conditions are used on the other side for interstitial gold. 
At high temperatures, the sublimation of the gold atoms from the surface must be considered. 
The gold surface concentration 𝑔𝑖(𝑡) is given by: 
𝜕𝑔𝑖
𝜕𝑡
= 𝑅 −
𝑔𝑖
𝜏⁄ ,      (10) 
where 𝜏 is the mean lifetime of an adsorbed gold atom and 𝑅 is the deposition rate. The second 
term in equation (10) is the current of gold atoms leaving the surface, which actually consists of 
the sum of two fluxes 𝐽𝑔𝑜𝑙𝑑 =
𝑔𝑖
𝜏𝑖⁄  that describe the process of dissolving in bulk and 𝑅𝑒 =
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𝑔𝑖
𝜏𝑑𝑒𝑠⁄  that is due to the evaporation of the gold atoms. The total lifetime is then  
1
𝜏
=
1
𝜏𝑑𝑒𝑠
+
1
𝜏𝑖
, 
where 𝜏𝑑𝑒𝑠 = 𝜈0
−1𝑒
𝐸𝐴𝑢
𝑘𝑇⁄ . Thus, the concentration of the deposited gold atoms is given by: 
𝑔𝑖 = 𝑅𝜏 (1 − 𝑒
−𝑡
𝜏⁄ ),       (11) 
where t is the deposition time. Experimentally determined activation energies for gold atom 
desorption from a silicon surface have been reported in the range of 3.3-3.7 eV [32]. These results 
are considering that gold losses due to desorption can be described by the mean lifetime of 
adsorbed gold atom 𝜏𝑑𝑒𝑠 =10-560 s at 900
oC. Since the measurement time did not exceed 10 s in 
our experiments, the effect of gold evaporation was also neglected at 900oC. However, at higher 
temperatures, gold desorption must be considered for the correct analysis of the experimental 
results. 
The boundary conditions for the self-interstitials and vacancies are formulated considering the 
limited efficiency of the annihilation and the creation of point defects at the surface [33]:  
−𝐷𝑚
𝜕𝑐𝑚
𝜕𝑥
|𝑥=0 = 𝑘
𝑚[𝑐𝑚
∗ − 𝑐𝑚(𝑥 = 0, 𝑡)],    (12) 
where the subscript m represents either I or V and Dm and cm are the diffusion coefficient and 
concentration of a corresponding point defect, respectively. The same type of equation (with the 
reverse sign on the right-hand side) is chosen at x = L at the back side of the sample. The kinetic 
coefficient 𝑘𝑚 = 1 [𝑒(𝐸𝑚 𝑘𝑇⁄ ) − 1]⁄ , where Em is the activation energy for the interaction of the 
corresponding point defect with the surface. In our simulations, EV is the order of the binding 
energy of the vacancies to the clusters 3.2 ± 0.2 eV [34]) and EI is the simulation parameter. 
The system of equations (1)-(4) was solved numerically using COMSOL commercial software. 
The results of the simulations were verified using a self-written Fortran code, where the backward 
time-centered space discretization scheme was implemented. Fig. 4 represents the kinetic behavior 
of 𝑐𝐼 and 𝑐𝑉 in the bulk silicon predicted by solving equations (1)-(4). The sample thickness L is 
equal to 300 μm, the gold deposition rate is 0.022 ML/sec, and the sample temperature is 900oC. 
An increased self-interstitial concentration due to gold in-diffusion is found in the near-surface 
area. At the same time, the vacancies are undersaturated because of recombination with the self-
interstitials. However, an increase in 𝑐𝑉 is observed in the subsurface area. This indicates that a 
surface acting as a natural source of vacancies produces the vacancy flux. Similar behavior of the 
vacancy concentration was found in the numerical analyses of the coupled equations for the 
interstitial and vacancy diffusion in silicon in prior studies [3,35]. 
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Fig. 4 Silicon self-interstitial (a) and vacancy (b) concentration depth profiles. The profiles 
represent solutions of equations (1)-(4) for different times t = 0, 0.25, 2, and 5 s. The sample 
temperature is 900oC and the gold deposition rate R = 0.022 ML/s. 
 
Another source for vacancies is the backward Frank-Turnbull reaction. According to this 
dissociative reaction, the gold atoms dissolved in the substitutional site move in the interstitial 
position, leaving bulk vacancies.  
On the basis of the calculated concentration profiles of the intrinsic defects, we analyzed how the 
changing of the point defect concentration in the silicon bulk can affect the surface processes. The 
out-diffusion of the self-interstitials and the in-diffusion of the vacancies both produce the positive 
flux of the material being transported from the bulk to the surface. The gradients of the 
concentrations normal to the surface produce a net mass flux: 
𝐽𝑚 = −𝐷𝑚
𝜕𝐶𝑚
𝜕𝑥
|𝑥=0         
out (or into) the bulk of the silicon to restore the equilibrium concentrations of the intrinsic bulk 
point defects. Herein, the subscript 𝑚 refers to the interstitial I or vacancy V. The total flux of the 
material added to the surface is determined by adding the interstitial flux out of the bulk and the 
vacancy flux into the bulk: 
 𝐽 = 𝐽𝐼 + 𝐽𝑉.        (13) 
a) 
b) 
x, μm 
c I
, c
m
-3
 
x, μm 
c v
, c
m
-3
 
t=0 
t=0.25 
t=2 
t=5 
t=0 
t=0.25 
t=2 
t=5 
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The vacancy flux 𝐽𝑉 is negligibly small compared with 𝐽𝐼 and thus the Frank-Turnbull mechanism 
is not significant and does not alter the total flux. However, the concentration profiles depend on 
whether they are calculated considering only the kick-out mechanism or both mechanisms. Since 
the silicon interstitials are the major contributors to the flux, for simplicity, the impact of the 
vacancy-surface interactions will be neglected below. 
 
2.2 Surface kinetics 
The nucleation and growth of the two-dimensional islands provide a substantial understanding of 
the surface mass transport in molecular beam epitaxy [29,36], equilibrium [37], oxygen etching 
[16,17,38], and sublimation [39]. Detailed reviews of the nucleation and growth processes can be 
found in the literature [29,36,40]. To explain the surface morphology transformations, we analyzed 
the growth kinetics of the two-dimensional islands that formed during high-temperature gold 
deposition. Video sequences of the recorded REM images (similar to those presented in Fig. 1 and 
Fig. 2) were analyzed frame by frame and the island sizes were measured at 860-1000oC and the 
gold deposition rates in the range of 0.01-0.05 ML/s (Fig. 5). The area of each island was calculated 
assuming the circular shape of the islands. This assumption is reasonable at sample temperatures 
above 830oC where no surface reconstruction exists on an atomically clean Si(111) surface. 
Furthermore, the surface diffusion and step line tension are expected to be nearly anisotropic at 
these temperatures [27]. Direct AFM measurements of the quenched samples after submonolayer 
gold deposition at high temperatures confirmed the round island shape (Fig. 1e). Therefore, we 
treated the islands as circular in shape.  
To investigate the dependence of the growth rates on the local environment, the areas of the surface 
closest to each island were analyzed (Fig. 5). Fig. 5b shows the time dependence of the area for 
the individual islands represented via an REM image (Fig. 5a). All of the islands grow linearly in 
time but the growth rates are different. The islands with smaller capture zones and closer situated 
neighboring islands (for example, islands 5 and 6) grow slower than the islands nucleated apart 
from the other islands and the atomic steps (for example, islands 4 and 2). The maximum and 
minimum of the growth rates are measured for Island 4 and Island 6, respectively. Fig. 5c 
represents the temporal dependences of the total area covered by the islands at different sample 
temperatures. The linear kinetics of the island area growth were preserved up to the 1000oC sample 
temperature. 
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Fig. 5. (a) REM image of the islands at T = 900oC. The analyzed islands are labelled by numbers 
(1)-(6). (b) Time dependence of the individual island areas (1)-(6). The deposition rate is 0.021 
ML/s and the measured growth rates are (1) 5.0, (2) 5.5, (3) 4.4, (4) 6.4, (5) 3.8, and (6) 3.6 μm2/s. 
(c) Experimental time dependences of the total island area at different sample temperatures. The 
deposition rates are: 0.032 (860oC), 0.031 (900oC), 0.041 (930oC), 0.035 (960oC), and 0.028 ± 
0.007 ML/s (1000oC). The experimental data are represented by the symbols and the solid lines 
show the calculated area dependences. The curves in (b) and (c) are shifted in time for clarity. 
 
Considering the growth of two-dimensional islands during gold deposition, we followed the 
approach used by Stoyanov and Michailov [41]45 and Markov [36] and later elaborated by Herviue 
et al. [42]. In our model, the net mass flux from the silicon bulk produces increased concentrations 
of silicon atoms at the atomically flat surface during gold in-diffusion. The increase in the silicon 
adatom concentration results in high supersaturation and therefore the formation of new two-
dimensional islands.  
Fig. 6 The surface model for the calculation of the island growth rate. 
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The nucleation of the island occurs when the two adsorbed species meet. The growth of the 
nucleated islands proceeds via capturing randomly moving atoms. In the calculations to follow, it 
is assumed that the nucleated islands are regularly distributed over the surface area. The distance 
between the island centers is L and all of the islands are the same size (Fig. 6). The positions of 
the step edges surrounding the neighboring islands are denoted by r1 and r2. The center of the left 
island is considered the origin. The adatom concentration n(r) on the surface can be found by 
solving the diffusion problem in the polar coordinates, which in the case of complete condensation 
is: 
 𝐷𝑠
𝑑2𝑛
𝑑𝑟2
+
1
𝑟
𝑑𝑛
𝑑𝑟
+ 𝐽 = 0.      (14) 
Here, 𝑛(𝑟) is the surface concentration of the silicon adatoms, 𝐷𝑠 is the diffusion constant, 𝐽 is the 
net mass flux deduced from equation (13), and r is the coordinate. The solution for the adatom 
concentration on the terrace between the islands (𝑟2 < 𝑟 < 𝑟1) is given by [36] 
𝑛1(𝑟) = 𝑛1̃ +
𝐽
4𝐷𝑠
(𝑟1
2 − 𝑟2) −
𝐽
4𝐷𝑠
(𝑟1
2−𝑟2
2)
𝐿𝑛(
𝑟2
𝑟1
)
𝐿𝑛 (
𝑟
𝑟1
),     
where 𝑛1̃ is the adatom concentration in the vicinity of the descending step. The adatom 
concentration at the top of the island (0 < 𝑟 < 𝑟2) is 
𝑛2(𝑟) = 𝑛2̃ +
𝐽
4𝐷𝑠
(𝑟2
2 − 𝑟2),        
where 𝑛2̃ is the concentration of silicon adatoms in the vicinity of the ascending step. The 
concentrations 𝑛1̃  and  𝑛2̃ can be found from the boundary conditions: 
−𝐷𝑠
𝑑𝑛1
𝑑𝑟
|𝑟=𝑟2 = −𝐾1 (𝑛1̃ − 𝑛𝑒𝑞(𝑟2)),      
−𝐷𝑠
𝑑𝑛2
𝑑𝑟
|𝑟=𝑟2 = +𝐾2 (𝑛2̃ − 𝑛𝑒𝑞(𝑟2)),      
where 𝑛𝑒𝑞(𝑟) is the equilibrium adatom concentration and 𝐾1 and  𝐾2 are the kinetic coefficients 
for the attachment to the step that encloses the island from the top terrace and the region around 
the island, respectively.  
According to the models of island growth and decay previously reported, the island kinetics are 
governed by the net adatom current density at the perimeter of the island [27,39]. The net diffusion 
flux densities of the adatoms to the island edge arriving from the lower and upper terraces are 
given by: 
𝑗1 = −𝐷𝑠
𝑑𝑛1
𝑑𝑟
|𝑟=𝑟2 =
𝐽𝑟2
2
(1 +
(𝑟1
2−𝑟2
2)
2𝑟2
2𝐿𝑛(
𝑟2
1
)
),     
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𝑗2 = −𝐷𝑠
𝑑𝑛2
𝑑𝑟
|𝑟=𝑟2 =
𝐽𝑟2
2
.      
The rate of the island growth is given by the sum of the fluxes: 
𝑉 =
𝑑𝑟2
𝑑𝑡
= Ω(𝑗1 + 𝑗2) =
Ω𝐽
4
(𝑟1
2−𝑟2
2)
𝑟2𝐿𝑛(
𝑟1
𝑟2
)
,     
where Ω is the atomic surface area. 
 
𝑉 =
Ω𝐽
2𝜋𝑁𝑠𝑟2
(1−2𝜑)
𝐿𝑛(
(1−𝜑)2
𝜑2
)
,       (15) 
where 𝜑 =
𝑟2
𝐿⁄  and 𝑁𝑠 is the island surface density. The rate of change of the island area is 
𝑑𝐴
𝑑𝑡
= Ω(𝑗1 + 𝑗2) ∗ 2𝜋𝑟2 =
Ω𝐽
𝑁𝑠
(1−2𝜑)
𝐿𝑛(
(1−𝜑)2
𝜑2
)
   (16) 
When 𝑟2 ≪ 𝐿, equation (16) simplifies to 
𝑑𝐴
𝑑𝑡
=
Ω𝐽
𝑁𝑠
       (17) 
This is the same result obtained for the case of complete condensation and impermeable steps 
[36,42]. If the density of the nucleated islands remains unchangeable and the flux 𝐽 = 𝑐𝑜𝑛𝑠𝑡, the 
island area growth rate is constant and this gives the experimentally observed linear dependence 
of the island area on the time. In our experiments, the spacing between the islands is measured in 
a range of 6.8 to 10.1 μm. Substituting flux 𝐽 calculated from the concentration profiles of the 
intrinsic defects, the respective growth rates are 3.0 and 6.6 μm2/s. The latter agrees with the 
experimentally measured island kinetics (Fig. 5).  
As it is not easy to investigate the lateral distribution of the islands in REM due to the 
aforementioned foreshortening, we analyzed the total area covered by the islands (Fig. 5c). The 
integration of equation (17) gives 𝐴𝑁𝑠 = Ω𝐽𝑡, where the left part is the fraction of the surface 
covered by the islands. The best fit of the experimental data in a temperature range of 860-1000oC 
represented in Fig. 5c by solid lines is obtained with Ei = 2.7 ± 0.2 eV and EI= 1.5 ± 0.2 eV. The 
deposition rates used in the model are 0.034 (860oC), 0.034 (900oC), 0.040 (930oC), 0.038 (960oC), 
and 0.030 ML/s (1000oC), which are very close to the experimentally measured error. The obtained 
value of the energy barrier Ei agrees well with the first principle evaluation of the penetration 
energy of gold into the silicon substrate [43]. 
It is assumed that the self-interstitials diffuse to the surface until they attach to the step surrounding 
the terrace or island edge and eventually incorporate into the step. To analyze the total amount of 
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the material coming from the crystal bulk, we consider the case of complete condensation [36]. 
The evaporation process can be neglected in this nucleation regime. This means that all of the 
interstitials eventually join the growing islands or atomic steps.  
To justify the implementation of the complete condensation theory, the evaporation rate must be 
considered with the net current of the additional atoms to the surface. According to the literature, 
the data silicon sublimation rate can be described via Arrhenius dependence with activation energy 
of approximately 4.2 ± 0.2 eV [44]. The corresponding evaporation rate can be estimated as 5 x 
10-6 ML/s [44–46]. This means that during the time of measurements (several seconds), only a 
small fracture of the adatom can be evaporated from the surface at 900oC. However, at higher 
temperatures, the evaporation rate increases. For example, at 1100oC, one monolayer of silicon 
evaporates every 27 s. Thus, the finite adatom lifetime must be considered and the complete 
condensation case is not applicable at high sample temperatures. 
According to theory, surface morphology can be affected by the kinetic limitations during two-
dimensional island growth or decay [27,47–49]. The rate-limiting kinetics can be characterized as 
diffusion-limited (DL) or attachment-detachment limited (ADL) depending on the relative 
importance of the surface diffusion or the attachment-detachment of the adatoms at the step edge, 
respectively [50]. Earlier it was shown that the step motion on the Si(111) surface is described by 
the DL-kinetic regime rather than the ADL conditions [27,39,51]. On the contrary, atomic step 
kinetics and two-dimensional negative island nucleation on an Si(111) surface in the case of a high 
concentration of surface vacancies is described by the attachment-detachment kinetics, with the 
activation energy of the vacancy-step interaction larger than the surface diffusion barrier 
[12,16,52].  
The dependence of the island growth rates on the distance to the neighboring islands suggests that 
island kinetics are controlled by the rate of the attachment and detachment process at the island 
edges [17,53]. If the energy barrier for adatom attachment to the step edge is small enough with 
respect to the diffusion barrier, there is a gradient of the chemical potential across the terrace that 
is determined by the terrace width and the difference in the step chemical potentials. In the opposite 
case when the adatom diffusion is fast and the rate limiting factor is the attachment-detachment 
process, the chemical potential is constant along the terrace. The island growth rate is proportional 
to the differences between the chemical potentials at the step and adjacent terrace. Thus, the linear 
dependence of the island growth or decay provides evidence of the attachment-detachment limited 
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atomic mechanism of the surface transport. The latter is consistent with the experimental 
observation of Ostwald ripening [37] and thermal etching [17] of the Si(100) surface. 
The nonlinear kinetics of the island growth or decay usually observed in silicon homoepitaxy 
experiments are the consequence of the diffusion-limited (DL) mechanism of the surface transport. 
In this case, the nucleated islands grow as 𝑆~𝑡
2
3⁄ . For an Si(111)-(1 x 1) surface, the experimental 
observations of the individual island decay process and the atomic step fluctuations revealed the 
diffusion-limited and not the attachment-detachment limited mechanism of the surface transport 
[27,54,55]. The decay kinetics of the isolated islands and holes was described by power law 
dependence with an exponent value of 0.78 [54]. The evidence of the diffusion-limited mechanism 
of the surface mass transport was found in studies of surface morphology transformations during 
sublimation [56,57] and epitaxial growth [58]. 
The classic crystal growth theory predicts that the growth of two-dimensional islands proceeds via 
the formation of stable nuclei of size i (where i is the number of atoms) greater than critical size i* 
[36]. The nucleus density that is equal to the squared island spacing L2 depends on the deposition 
rate R and substrate temperature T: 
1
𝑁𝑠
= 𝐿2~𝑅−𝜒𝑒−
𝐸∗
𝑘𝑇,      (18) 
where E* is the energy gain when the critical nucleus is formed, χ is the scaling exponent, and k is 
Boltzmann’s constant. 
Fig. 7 shows the experimentally measured dependence of the inverse island density 𝑁𝑠
−1 on the 
calculated interstitial flux 𝐽 at 900oC. After the nucleation of the islands at the silicon terrace, the 
sample was quenched to room temperature. The sample cooling rate was estimated to be 400oC/s. 
Subsequent measurements of the island spacing were done using AFM. To avoid the impact of 
18 
 
atomic steps, the average distance between the islands is measured only in the central part of the 
terrace. The deposition rate 𝑅 in equation (18) is equivalent to the interstitial flux 𝐽 calculated on 
the basis of the concertation profiles (Fig. 4).  
Fig. 7. Experimental dependence of 𝑁𝑠
−1 on the calculated deposition rate J at 900oC. 
By extracting a slope from the 𝑁𝑠
−1(𝐽) measurements taken over a range of fluxes, we extract the 
scaling exponent χ = 1.72-1.76. According to the theoretical approach, parameter χ appears to be 
below 1 for any i > 0 under DL conditions [59]. In the case of attachment-detachment limited 
growth (ADL) conditions, parameter χ is greater than 1. Thus, the experimentally measured value 
of χ is attributed to the attachment-detachment regime and corresponds to the critical nucleus size 
i* = 19-22 via the formula 𝜒 = 2𝑖∗ (𝑖∗ + 3)⁄ .  
The obtained results can be compared with the data from homoepitaxial growth experiments. 
Earlier it was shown that the two-dimensional island growth kinetics at the Si(111) surface are 
characterized by the diffusion-limited regime at a temperature range of 720-1090oC [60,61]. The 
critical nucleus size i* was estimated in the range of 1-12 atoms at a low temperature range of 720-
760oC. Recent electron microscopy studies of homoepitaxial growth revealed the increase in i* and 
χ at elevated temperatures i = 16 ± 11, χ = 0.82 ± 0.11 (950oC)64 and i = 25 ± 13, χ = 0.9 ± 0.05 at 
900-1180oC. The values of χ correspond to the diffusion-limited kinetics of two-dimensional island 
growth.  
Our experimentally obtained value of the critical nucleus size (19-22 atoms) agrees within the error 
limits of these previously reported values. This fact suggests the same mechanism for island 
nucleation at a silicon terrace during gold deposition and high-temperature homoepitaxial growth. 
The nucleation process can be briefly described as follows: the diffusion of gold atoms from the 
surface to the bulk produces an excess of self-interstitials in the subsurface area via the kick-out 
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mechanism. The net mass current of the nonequilibrium self-interstitials to the surface results in 
the increased concentration of adatoms due to the penetration of the self-interstitials through the 
surface boundary and therefore the formation of new two-dimensional islands. 
The linear time dependence of the island sizes and scaling exponent value χ = 1.72-1.76 indicate 
that island growth is limited by the attachment-detachment kinetics in the case of gold deposition. 
The relative importance of the surface diffusion and the step attachment rate is characterized by 
kinetic length 𝑑 = 𝐷 𝐾⁄ , where 𝐷 is the diffusion constant and 𝐾 is the attachment-detachment 
kinetic coefficient [55,62]. The diffusion-limited and attachment-detachment extremes correspond 
to 𝑑 = 0 and 𝑑 = ∞, respectively. This approach also accounts for asymmetry in the attachment-
detachment kinetics at the atomic step (the Ehrlich-Schwoebel (ES) barrier) [54]. If there are no 
ES barriers (the instantaneous attachment of the adatoms to the step), 𝑑 = 0 is a pure diffusion-
limited regime. The increase in the attachment-detachment barrier at the step produces an increase 
in the kinetic length that in turn induces the change in the kinetic regime from diffusion-limited to 
attachment-detachment limited.  
The adatom-step interaction can be affected by the presence of foreign atoms at the silicon surface 
that act as surfactants [63]. Prior studies established that silicon deposition on an Si(111) surface 
covered by superstructural reconstruction (5 x 2) initiated by gold adsorption results in a lower 
density of 2D islands than on an atomically clean surface [64]. The depression of two-dimensional 
island nucleation can be understood in terms of the increase in the diffusion length of the silicon 
and the change in the kinetics of atom incorporation into the step at the gold deposited surface. 
The increase in the diffusion coefficient can be addressed by the structural transformations of the 
first atomic layer due to the formation of surface reconstructions. However, in our experiments, 
no RHEED patterns attributed to the formation of new superstructural reconstructions were 
observed during gold deposition at temperatures above 900oC in accordance with previously 
reported studies. This indicates that changes in the diffusion length can probably be neglected in 
treatments of island nucleation. 
When the adatoms attach to the steps on the crystal surface, they diffuse along the step edge and 
incorporate in the kink sites. The activation energy of the adatom-step interaction is related to the 
step kink density [65]. When the kink density is high, adatoms easily attach to the step. However, 
when the kink density is low, it is possible for adatoms to detach from the step without 
solidification. Thus, smoothing the step edges that correspond to lowering the kink density may 
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increase the energy barrier for adatom-step interactions. The increased energy barrier for silicon 
adatom attachment to the step may explain the attachment-detachment limited conditions during 
gold deposition.  
Silicon can form eutectic alloys with gold. The eutectic point is approximately 359oC and well 
below the respective melting points of gold (1063oC) and silicon (1412oC) [66]. One important 
question is how the eutectic reaction proceeds at the beginning of the process of gold deposition 
onto a silicon surface. The birth stages of eutectic formation were investigated by field-ion 
microscopy at 450oC [67]. The submonolayer deposition of gold on a Si(111) surface results in the 
formation of an intermixed layer with small clusters consisting of several gold atoms. When the 
amount of deposited gold increased to 2 ML, the eutectic reaction produced gold rods in the silicon 
phase. These findings agree with investigations of three-dimensional island nucleation at an 
Si(111) surface during high-temperature gold deposition [14]. Three-dimensional island 
nucleation starts at coverages above 0.7 ML for sample temperatures in a range of RT-750oC. At 
temperatures above the eutectic temperature, the three-dimensional islands consist of a mix of gold 
and silicon atoms [In]. Recent studies showed that the incorporation of silicon atoms could be 
detected by analyzing the Si-Au 3D island motion at the Si(111) surface [68,69]. In our 
experiments, no 3D island formation was observed during gold deposition at gold coverages well 
below 0.7 ML. Thus, there is no evidence of eutectic formation at the silicon surface in our 
experimental conditions. 
The formation of an eutectic layer at the silicon surface when the gold coverage exceeds 0.7 ML 
have implications for analyzing the gold bulk diffusion in silicon. Obviously, the equilibrium gold 
concentration in the gold-silicon alloy is preserved at given temperatures (as defined by the phase 
diagram). Thus, the boundary conditions in equation (9) can be replaced by Dirichlet-type with the 
respective equilibrium concentration for Aui. According to our calculations, this change in the 
boundary conditions will result in a symmetric U-shaped concentration profile of gold diffusing 
from the surface as previously reported [70–72]. This means that Dirichlet-type boundary 
conditions for Aui are useful for the correct simulation of long-duration gold diffusion in silicon, 
whereas initial depth profiles of native point defects and impurity concentrations form at the start 
of metal diffusion and are determined by equation (9). 
3. Conclusion 
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In summary, this study employed in situ reflection electron microscopy in conjunction with the 
developed method of large area step-free Si(111) terrace formation to study in real time the 
interaction of self-interstitials with the crystal surface. The submonolayer gold deposition onto the 
step-free Si(111) surface at high temperatures (860-1000oC) is supplemented by the self-interstitial 
formation in the subsurface area and the consequent out-diffusion to the surface sinks, which 
initiates the formation of two-dimensional islands. By solving the diffusion equations for bulk and 
surface diffusion, the interstitial flux J to the surface is found to be restricted by the activation 
barrier of 1.5 ± 0.2 eV, which corresponds to self-interstitial penetration through a silicon terrace. 
The process of gold dissolution from a silicon surface is characterized by the activation energy 2.7 
± 0.2 eV. The kinetic growth behavior of the nucleated two-dimensional islands is dominated by 
the reactions at the atomic step edges. The obtained results also reveal that the diffusion of gold 
atoms in silicon proceeds via the kick-out mechanism even in the presence of sinks and sources of 
point defects. The results of this study provide a comprehensive description of point defect 
diffusion and the interaction with the surface sinks, which should have important implications not 
only for understanding the atomic mechanisms of nanoscale object formation, but also for the 
modelling of such processes as supercooling, surface melting, surface eutectic formation, 
nanowires, and surfactant-mediated growth. 
4. Acknowledgments 
S.S., L.F, and A.L gratefully acknowledge partial financial support for the in situ REM 
experimental investigations from the Russian Science Foundation (grant 14-22-00143). 
  
22 
 
References 
[1] K.F. McCarty, J.A. Nobel, N.C. Bartelt, Surface dynamics dominated by bulk thermal defects: The 
case of NiAl(110), Phys. Rev. B - Condens. Matter Mater. Phys. 71 (2005) 1–12. 
doi:10.1103/PhysRevB.71.085421. 
[2] H. Bracht, Self-and Dopant Diffusion in Silicon, Germanium, and Their Alloys, in: S.P. Gudrun 
Kissinger (Ed.), Silicon, Ger. Their Alloy. Growth, Defects, Impurities, Nanocrystals, CRC Press, 
2014: p. 159. 
[3] P.M. Fahey, P.B. Griffin, J.D. Plummer, Point defects and dopant diffusion in silicon, Rev. Mod. 
Phys. 61 (1989) 289. 
[4] N.E.B. Cowern, S. Simdyankin, C. Ahn, N.S. Bennett, J.P. Goss, J.M. Hartmann, A. Pakfar, S. Hamm, 
J. Valentin, E. Napolitani, D. De Salvador, E. Bruno, S. Mirabella, Extended point defects in 
crystalline materials: Ge and Si, Phys. Rev. Lett. 110 (2013) 1–5. 
doi:10.1103/PhysRevLett.110.155501. 
[5] T. Südkamp, H. Bracht, Self-diffusion in crystalline silicon: A single diffusion activation enthalpy 
down to $755{\phantom{\rule{0.16em}{0ex}}}^{\ensuremath{\circ}}\mathrm{C}$, Phys. Rev. B. 
94 (2016) 125208. doi:10.1103/PhysRevB.94.125208. 
[6] H. Bracht, Diffusion mechanisms and intrinsic point-defect properties in silicon, MRS Bull. 25 
(2000) 22–27. doi:10.1557/mrs2000.94. 
[7] R. Ishikawa, R. Mishra, A.R. Lupini, S.D. Findlay, T. Taniguchi, S.T. Pantelides, S.J. Pennycook, 
Direct observation of dopant atom diffusion in a bulk semiconductor crystal enhanced by a large 
size mismatch, Phys. Rev. Lett. 113 (2014) 1–5. doi:10.1103/PhysRevLett.113.155501. 
[8] V.C. Holmberg, K.A. Collier, B.A. Korgel, Real-Time Observation of Impurity Diffusion in Silicon 
Nanowires, Nano Lett. 11 (2011) 3803–3808. doi:10.1021/nl201879u. 
[9] K.F. Murphy, B. Piccione, M.B. Zanjani, J.R. Lukes, D.S. Gianola, Strain- and Defect-Mediated 
Thermal Conductivity in Silicon Nanowires, Nano Lett. 14 (2014) 3785–3792. 
doi:10.1021/nl500840d. 
[10] J.B. Hannon, S. Kodambaka, F.M. Ross, R.M. Tromp, The influence of the surface migration of 
gold on the growth of silicon nanowires, Nature. 440 (2006) 69–71. doi:10.1038/nature04574. 
[11] Z. Luo, Y. Jiang, B.D. Myers, D. Isheim, J. Wu, J.F. Zimmerman, Z. Wang, Q. Li, Y. Wang, X. Chen, 
V.P. Dravid, D.N. Seidman, B. Tian, Atomic gold{\textendash}enabled three-dimensional 
lithography for silicon mesostructures, Science (80-. ). 348 (2015) 1451–1455. 
doi:10.1126/science.1257278. 
23 
 
[12] S. V Sitnikov, A. V Latyshev, S.S. Kosolobov, Advacancy-mediated atomic steps kinetics and two-
dimensional negative island nucleation on ultra-flat Si (111) surface, J. Cryst. Growth. (2016). 
doi:http://dx.doi.org/10.1016/j.jcrysgro.2016.05.048. 
[13] A. V Latyshev, A.B. Krasilnikov, A.L. Aseev, In situ {REM} study of monatomic step behaviour on 
Si(111) surface during sublimation, Ultramicroscopy. 48 (1993) 377–380. 
doi:http://dx.doi.org/10.1016/0304-3991(93)90115-E. 
[14] D. Grozea, E. Bengu, L.D. Marks, Surface phase diagrams for the Ag–Ge(111) and Au–Si(111) 
systems, Surf. Sci. 461 (2000) 23–30. doi:http://dx.doi.org/10.1016/S0039-6028(00)00491-X. 
[15] H. Daimon, C. ik Chung, S. Ino, Y. Watanabe, Daimon, H., Chung, C. ik, Ino, S., & Watanabe, Y. 
(1990). A study of Si(111) 5 × 2-Au structures by Li adsorption and their coadsorbed 
superstructures. Surface Science, 235(2-3), 142–155. http://doi.org/10.1016/0039-
6028(90)90789-BA study of Si(111) 5 ?? , Surf. Sci. 235 (1990) 142–155. doi:10.1016/0039-
6028(90)90789-B. 
[16] S. Sitnikov, S. Kosolobov, A. Latyshev, Attachment--detachment limited kinetics on ultra-flat Si 
(111) surface under etching with molecular oxygen at elevated temperatures, Surf. Sci. 633 
(2015) L1--L5. 
[17] J.B. Hannon, M.C. Bartelt, N.C. Bartelt, G.L. Kellogg, Etching of the Si(001) Surface with Molecular 
Oxygen, Phys. Rev. Lett. 81 (1998) 4676–4679. doi:10.1103/PhysRevLett.81.4676. 
[18] S.S. Kosolobov, A.L. Aseev, A. V Latyshev, In situ study of the interaction of oxygen with the 
Si(111) surface by ultrahigh-vacuum reflection electron microscopy, Semiconductors. 35 (2001) 
1038–1044. doi:10.1134/1.1403568. 
[19] S.S. Kosolobov, S.A. Song, L.I. Fedina, A.K. Gutakovskii, A. V Latyshev, Instability of the 
distribution of atomic steps on Si (111) upon submonolayer gold adsorption at high 
temperatures, J. Exp. Theor. Phys. Lett. 81 (2005) 117–121. doi:10.1134/1.1898002. 
[20] K. Yagi, Reflection electron microscopy: studies of surface structures and surface dynamic 
processes, Surf. Sci. Rep. 17 (1993) 307–362. 
[21] F.C. Frank, D. Turnbull, Mechanism of Diffusion of Copper in Germanium, Phys. Rev. 104 (1956) 
617–618. doi:10.1103/PhysRev.104.617. 
[22] G.D.Watkins, No Title, in: P. Baruch (Ed.), Radiat. Damage Semicond., Dunod, Paris, 1965: p. 97. 
[23] J.A. Van Vechten, U. Schmid, Q.-S. Zhang, Surface treatment effects on atomic diffusion in Si 
explained without self interstitials, J. Electron. Mater. 20 (1991) 431–439. 
[24] U. Goesele, W. Frank, A. Seeger, Mechanism and kinetics of the diffusion of gold in silicon, Appl. 
24 
 
Phys. 23 (1980) 361. 
[25] T.K. Monson, J.A. Van Vechten, R.K. Graupner, others, Comment on ‘“Gold, self-, and dopant 
diffusion in silicon,”’ Phys. Rev. B. 49 (1994) 2972. 
[26] D. Mathiot, Gold, self-, and dopant diffusion in silicon, Phys. Rev. B. 45 (1992) 13345. 
[27] A.B. Pang, K.L. Man, M.S. Altman, T.J. Stasevich, F. Szalma, T.L. Einstein, Step line tension and 
step morphological evolution on the Si(111) (1x1) surface, Phys. Rev. B - Condens. Matter Mater. 
Phys. 77 (2008) 1–12. doi:10.1103/PhysRevB.77.115424. 
[28] S. Coffa, L. Calcagno, S.U. Campisano, G. Ferla, Control of gold concentration profiles in silicon by 
ion implantation, J. Appl. Phys. 69 (1991) 1350–1354. doi:10.1063/1.347271. 
[29] M. Zinke-Allmang, L.C. Feldman, M.H. Grabow, Clustering on surfaces, Surf. Sci. Rep. 16 (1992) 
377–463. doi:10.1016/0167-5729(92)90006-W. 
[30] W. Lerch, N.A. Stolwijk, Diffusion of gold in silicon during rapid thermal annealing: Effectiveness 
of the surface as a sink for self-interstitials, J. Appl. Phys. 83 (1998) 1312–1320. 
doi:10.1063/1.366831. 
[31] J. Hauber, J. Hauber, N.A. Stolwijk, N.A. Stolwijk, L. Tapfer, H. Mehrer, H. Mehrer, W. Frank, W. 
Frank, U- and w-shaped diffusion profiles of gold in silicon, J. Phys. C Solid State Phys. 19 (1986) 
5817–5836. doi:10.1088/0022-3719/19/29/007. 
[32] R. Le Lay, G., Manneville, M., & Kern, Isothermal desorption spectroscopy for the study of two-
dimensional condensed phases: Investigation of the Au (deposit)/Si (111)(substrate) system; 
application to the Xe/(0001) graphite system., Surf. Sci. 65 (1977) 261–276. 
[33] G.S. Bales, A. Zangwill, Self-consistent rate theory of submonolayer homoepitaxy with 
attachment/detachment kinetics, Phys. Rev. B. 55 (1997) R1973--R1976. 
doi:10.1103/PhysRevB.55.R1973. 
[34] H. Bracht, R. Kube, E. Hüger, H. Schmidt, Properties of Point Defects in Silicon: New Results after 
a Long-Time Debate, Solid State Phenom. 205–206 (2013) 151–156. 
doi:10.4028/www.scientific.net/SSP.205-206.151. 
[35] H.R. Yeager, R.W. Dutton, An approach to solving multiparticle diffusion exhibiting nonlinear stiff 
coupling, IEEE Trans. Electron Devices. 32 (1985) 1964–1976. 
[36] I. V Markov, Crystal Growth for Beginners. Fundamentals of Nucleation, Crystal Growth and 
Epitaxy, 3rd ed., World Scientific Publishing, 2017. 
[37] N. Bartelt, W. Theis, R. Tromp, Ostwald ripening of two-dimensional islands on Si(001), Phys. Rev. 
B - Condens. Matter Mater. Phys. 54 (1996) 11741–11751. doi:10.1103/PhysRevB.54.11741. 
25 
 
[38] A. V. Kosolobov, S. S., Nasimov, D. A., Sheglov, D. V., Rodyakina, E. E., & Latyshev, Atomic force 
microscopy of silicon stepped surface., Phys. LOW Dimens. Struct. 5 (2002) 231–238. 
[39] H. Hibino, C.-W. Hu, T. Ogino, I.S.T. Tsong, Decay kinetics of two-dimensional islands and holes on 
Si(111) studied by low-energy electron microscopy, Phys. Rev. B. 63 (2001) 245402. 
doi:10.1103/PhysRevB.63.245402. 
[40] J.A. Venables, G.D.T. Spiller, M. Hanbucken, Nucleation and growth of thin films, Rep. Prog. Phys. 
47 (1984) 399. http://stacks.iop.org/0034-4885/47/i=4/a=002. 
[41] S. Stoyanov, M. Michailov, Non-steady state effects in MBE: Oscillations of the step density at the 
crystal surface, Surf. Sci. 202 (1988) 109–124. doi:10.1016/0039-6028(88)90064-7. 
[42] Y.Y. Hervieu, I. Markov, Kinetics of second layer nucleation with permeable steps, Surf. Sci. 628 
(2014) 76–81. doi:10.1016/j.susc.2014.05.016. 
[43] T. Hiramatsu, T. Yamauchi, M.Y. Yang, K. Kamiya, K. Shiraishi, T. Nakayama, First-principles 
evaluation of penetration energy of metal atom into Si substrate, Jpn. J. Appl. Phys. 53 (2014) 
58006. doi:10.7567/JJAP.53.058006. 
[44] R.E. Honig, Sublimation studies of silicon in the mass spectrometer, J. Chem. Phys. 22 (1954) 
1610–1611. 
[45] C. Alfonso, J.C. Heyraud, J.J. Métois, About the sublimation of Si surfaces vicinal of {111}, Surf. Sci. 
291 (1993) L745–L749. doi:http://dx.doi.org/10.1016/0039-6028(93)91470-A. 
[46] A. V Latyshev, A.L. Aseev, A.B. Krasilnikov, S.I. Stenin, Transformations on clean Si(111) stepped 
surface during sublimation, Surf. Sci. 213 (1989) 157–169. doi:http://dx.doi.org/10.1016/0039-
6028(89)90256-2. 
[47] H. Hildebrandt, S., Kraus, A., Kulla, R., Wilhelmi, G., Hanbücken, M., & Neddermeyer, Scanning 
tunneling microscopy investigation at high temperatures of islands and holes on Si (1 1 1) 7× 7 in 
real time: evidence for diffusion-limited decay., Surf. Sci. 486 (2001). 
[48] B. Ranguelov, M. Altman, I. Markov, Critical terrace width for step flow growth: Effect of 
attachment-detachment asymmetry and step permeability, Phys. Rev. B. 75 (2007). 
doi:10.1103/physrevb.75.245419. 
[49]  and K.W. A. Ichimiya, K. Hayashi, E. D. Williams, T. L. Einstein, M. Uwaha, Decay of Silicon 
Mounds: Scaling Laws and Description with Continuum Step Parameters, Phys. Rev. Lett. 84 
(2000) 3662. 
[50] W.F. Chung, M.S. Altman, Kinetic length, step permeability, and kinetic coefficient asymmetry on 
the Si(111) (7\ifmmode\times\else\texttimes\fi{}7) surface, Phys. Rev. B. 66 (2002) 75338. 
26 
 
doi:10.1103/PhysRevB.66.075338. 
[51] D.I. Rogilo, L.I. Fedina, S.S. Kosolobov, B.S. Ranguelov, A. V Latyshev, Critical Terrace Width for 
Two-Dimensional Nucleation during Si Growth on Si(111)-
($7\ifmmode\times\else\texttimes\fi{}7$) Surface, Phys. Rev. Lett. 111 (2013) 36105. 
doi:10.1103/PhysRevLett.111.036105. 
[52] Y. Homma, H. Hibino, T. Ogino, N. Aizawa, Sublimation of the Si(111) surface in ultrahigh vacuum, 
Phys. Rev. B. 55 (1997) R10237--R10240. doi:10.1103/PhysRevB.55.R10237. 
[53] S. Tanaka, N.C. Bartelt, C.C. Umbach, R.M. Tromp, J.M. Blakely, Step permeability and the 
relaxation of biperiodic gratings on si(001), Phys. Rev. Lett. 78 (1997) 3342–3345. 
doi:10.1103/PhysRevLett.78.3342. 
[54] H. Hibino, C.-W. Hu, T. Ogino, I.S.T. Tsong, Decay kinetics of two-dimensional islands and holes on 
Si(111) studied by low-energy electron microscopy, Phys. Rev. B. 63 (2001) 245402. 
doi:10.1103/PhysRevB.63.245402. 
[55] K.L. Man, A.B. Pang, M.S. Altman, Kinetic length and step permeability on the Si (111)(1$\times$ 
1) surface, Surf. Sci. 601 (2007) 4669–4674. 
[56] S. Stoyanov, Current-induced step bunching at vicinal surfaces during crystal sublimation, Surf. 
Sci. 370 (1997) 345–354. doi:http://dx.doi.org/10.1016/S0039-6028(96)00966-1. 
[57] V. Usov, S. Stoyanov, C. O Coileain, O. Toktarbaiuly, I. V Shvets, Antiband instability on vicinal 
Si(111) under the condition of diffusion-limited sublimation, Phys. Rev. B. 86 (2012). 
doi:10.1103/physrevb.86.195317. 
[58] A.V. (2017). Sitnikov, S. V., Kosolobov, S. S., & Latyshev, Nucleation of two-dimensional islands on 
Si (111) during high-temperature epitaxial growth., Semiconductors. 51 (2017) 203–206. 
[59] D. Kandel, Initial Stages of Thin Film Growth in the Presence of Island-Edge Barriers, Phys. Rev. 
Lett. 78 (1997) 499–502. doi:10.1103/PhysRevLett.78.499. 
[60] D.I. Rogilo, L.I. Fedina, S.S. Kosolobov, B.S. Ranguelov, A. V Latyshev, Critical Terrace Width for 
Two-Dimensional Nucleation during Si Growth, 036105 (2013) 1–4. 
doi:10.1103/PhysRevLett.111.036105. 
[61] D.I. Rogilo, L.I. Fedina, S.S. Kosolobov, A. V. Latyshev, On the role of mobile nanoclusters in 2D 
island nucleation on Si(111)-(7 × 7) surface, Surf. Sci. 667 (2018) 1–7. 
doi:10.1016/j.susc.2017.09.009. 
[62] G. Bales, A. Zangwill, Self-consistent rate theory of submonolayer homoepitaxy with 
attachment/detachment kinetics, Phys. Rev. B - Condens. Matter Mater. Phys. 55 (1997) R1973–
27 
 
R1976. doi:10.1103/PhysRevB.55.R1973. 
[63] M. Copel, M.C. Reuter, E. Kaxiras, R.M. Tromp, Surfactants in epitaxial growth, Phys. Rev. Lett. 63 
(1989) 632. 
[64] K. Yagi, H. Minoda, M. Shima, Reflection electron microscopy study of thin film growth, Thin Solid 
Films. 228 (1993) 12–17. doi:10.1016/0040-6090(93)90553-2. 
[65] M. Sato, Effect of step permeability on step instabilities due to alternation of kinetic coefficients 
on a growing vicinal face, Eur. Phys. J. B. 59 (2007) 311–318. doi:10.1140/epjb/e2007-00295-y. 
[66] T.B. Massalski, Binary Alloy Phase Diagrams Volume 2, Am. Soc. Met. 1 (1990) 3589. 
[67] T. Adachi, Eutectic reaction of gold thin-films deposited on silicon surface, Surf. Sci. 506 (2002) 
305–312. doi:10.1016/S0039-6028(02)01429-2. 
[68] S. Curiotto, F. Leroy, F. Cheynis, P. Müller, Self-propelled motion of Au-Si droplets on Si(111) 
mediated by monoatomic step dissolution, Surf. Sci. 632 (2015) 1–8. 
doi:10.1016/j.susc.2014.09.001. 
[69] S. Curiotto, F. Cheynis, F. Leroy, P. Müller, Surface diffusion of Au on √3 × √3 Si(111)-Au studied 
by nucleation-rate and Ostwald-ripening analysis, Surf. Sci. 647 (2016) L8–L11. 
doi:10.1016/j.susc.2015.11.015. 
[70] J.A. Van Vechten U. Schmid, Q.S. Zhang, No Title, J. Electron. Mater. 20 (1991) 431. 
[71] N.A. Stolwijk, J. Hölzl, W. Frank, E.R. Weber, H. Mehrer, Diffusion of gold in dislocation-free or 
highly dislocated silicon measured by the spreading-resistance technique, Appl. Phys. A Solids 
Surfaces. 39 (1986) 37–48. doi:10.1007/BF01177162. 
[72] R. Hill, M., Lietz, M., & Sittig, Diffusion of gold in silicon, J. Electrochem. Soc. 7 (1982) 1579–1587. 
 
